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Abstract 
Experimental heat transfer data obtained from a 
tungsten-tungsten and an Armco Iron-Armco Iron speci- 
men have confirmed the Bowden and Tabor model of 
elasto-plastic events which occur during the cyclic en- 
gagement of surfaces in the lightly loaded range (4. 45X1O5 
to 3 . 4 5 ~ 1 0 ~  N/m2 or 64.5 to 500 psi). The specimens 
consisted of cylinders having a diameter of 2.54 cm. 
Their surfaces of contact were outgassed before the tests 
were conducted and each was run in a high vacuum en- 
vironment of approximately torr. The contact sur- 
faces of the tungsten specimen were nominally flat and 
had an arithmetic average roughness height of approxi- 
mately 7 .  OX10-7 m. The Armco iron specimen's sur- 
faces had an arithmetic average roughness height of 
approximately 0. 25X10m7 m and approximated spherical 
caps having a one-half wavelength. The contacting sur- 
faces of both specimens were extensively surveyed in 
roughness height, wavinesd, and profile before the tests 
were performed. A recently published simplified ap- 
proximate theory for calculating the coefficient of thermal 
contact conductance of plastically deforming nominally 
flat surfaces was applied to the tungsten specimen and 
was found to agree well with the data. This theory does 
not require the use of a computer program or the calcu- 
lation of any abstract quantities. It does, however, re- 
quire the use of a surface analyzer and microhardness 
tester. Clausing and Chao's macroscopic elastic theory 
of deformation was applied to the Armco Iron specimen 






The design of space vehicle's internal and external 
structure and instrumentation will require varied reg- 
ulated thermal conditioning(l), the extent of which has 
never been attempted untjl now. Because of the frequent 
use of lightly loaded (4. 45X105 to 3 . 4 5 ~ 1 0 ~  N/m2 or 64.5 
to 500 psi) friction-pressure dependent fasteners in ve- 
hicular design, (2) the ability to theoretically predict 
heating rates across their contact interfaces is impor- 
tant. 
In 1950 Bowden and Tabor(3) presented a mechanical 
description of the mechanism of metallic contact between 
surface asperities without heat transfer effects. It in- 
cluded the loading, work hardening, and unloading of 
such asperities. During these events the elastic and 
plastic (reversible and irreversible, respectively) de- 
formation of surface asperities occurs. 
Fried, (4) Clausing and Chao, (5) and others present 
data demonstrating the variation of the coefficient of 
thermal contact conductance with pressure in a vacuum 
environment for one or several complete loading cycles, 
but they do not demonstrate theoretical agreement for the 
complete cycle. Frequently investigators label what they 
assume to be inconsistances in cyclic test results as  ex- 
hibiting hysteresis effects. Thus the explicit cause of 
these effects is not given, though perhaps in some cases 
it is suggested. 
The purposes of the present work are as  follows: 
(1) To describe the Bowden and Tabor model of 
(2) To present test data from both a tungsten- 
metallic asperity contact. 
tungsten cylindrical specimen and an Armco iron-Armco 
iron cylindrical specimen. These data demonstrate the 
cyclic variation of the coefficient of thermal contact con- 
ductance with the apparent joint contact pressure in the 
lightly loaded range. 
the Armco iron specimen's interface surfaces of contact 
which were extensively surveyed to determine the var- 
iation of their surface roughness heights, waviness, and 
profile before the tests were conducted. 
test data with the mechanism of the contact phenomena 
described in the Bowden and Tabor model. 
data where applicable with the macroscopic elastic de- 
formation theoretical analysis of Clausing and Chao(5) 
and Clausing, (6) and the recently published simplified 
plastic deformation theory of Ref. 7 .  
(3) To present some of the surface analyzer traces of 
(4) To compare the complete cycle of each specimen's 
(5) To make a comparison of the specimens' test 
'Theoretical Considerations 
Bowden and Tabor Description of the Contact Phenomena 
Bowden and Tabor in Ref. 3 describe in detail the 
mechanical aspects of the loading and unloading of a 
single work hardened surface asperity through which no 
heat transfer takes place. The tip of the asperity is 
assumed to be smooth and spherical in shape. Further, 
it is assumed to rest on a softer metal, and, in the re- 
gion of contact, the surface of the softer metal is con- 
sidered to be a plane. Fig. 1 shows what happens as  the 
load on the asperity is increased. As the load on a single 
work hardened asperity is increased, an initial elastic 
deformation of the area of contact occurs; this is pre- 
dicted by Hertz's classical equations. The planar pro- 
jection of the area of contact A; varies with the load 
W' according to 
At some larger load the onset of plastic deformation 
takes place, and the area of contact varies with load 
according to 
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If the asperity is then unloaded fmm some higher load 
Wb and area of contact 4, 0, the variation of contact 
area with load is indicated by the dashed curve labeled 
Eq. (1). If the load is removed, an offset in the area of 
contact A& 1 due to plastic deformation will persist. 
This description does not apply to the limiting case of a 
specimen whose interface of contact is composed of two 
very flat surfaces o r  whose surfaces of contact deform 
plastically under load to equivalent flat plates. 
' reversible elastic deformation and is expressed by 
Clausing and Chao Macroscopic Theory 
In Ref. 5 Clausing and Chao present their macro- 
scopic theory of constrictive resistance. The constric-. 
tive resistance is defined as  the reciprocal'of the pro- 
duct of the apparent contact area, A ,  and the coefficient 
of thermal contact conductance, h. The apparent con- 
tact area is equal to the total cross-sectional area of 
their cylindrical model. Their model is shown in 
Fig. 2 which is similar to one appearing in Ref. 5. The 
theory considers the contact region between two cyl- 
inders of length L and identical radius b placed end to 
end. The ends of the cylinders in the contact plane have 
radii of curvature rl and r2 (top and bottom, respec- 
tively) a s  shown in Fig. 2.. A single large, macroscopic, 
circular contact area of radius a is assumed to be con- 
centric with that of the apparent contact area. Thus the 
non-contact region is an annulus whose inside and out- 
side radii are a and by respectively. Microscopic 
contact areas are located inside the macroscopic con- 
tact; they are assumed circular, of the same radius, 
and uniformly distributed over the single macroscopic 
spot. Because of the annular non-contact region, the 
surfaces cannot be characterized a s  being nominally 
flat. Further, a s  a result of making numerical calcu- 
lations examining the influence of the heat flux distri- 
bution on the local temperature over the circular con- 
tact areas Clausing and Chao arrived at a significant 
conclusion for their model. They concluded that macro- 
scopic constrictive resistance, based on the macro- 
scopic area of contact, is, within limits, independent of 
the magnitude and radial distribution of the microscopic 
constrictive resistance which is a function of the micro- 
scopic areas of contact. This, of course, only applies 
for the model considered. Thus, the Clausing and Chm 
macroscopic theory can be used to predict the coeffi- 
cient of thermal contact conductance between wavy sur- 
faces with the spherical contour of Fig. 2 representing 
one-half wave length. The form of the solution taken 
from Ref. 6 and used in this paper is 
where the limits of its application are 
P \ 
(3) 
L is defined as  the length of the specimen's upper or 
lower piece, b is its radius and 
f(xc)=(l.39839 -7.44698 xc+19.9303g 
- 38.5897 x: + 38.6553 x: - 16.6247 xc) 
where + is the constriction ratio o r  equivalently the 
square root of the area ratio of contact. From Ref. 5 
for two spherical surfaces in contact 
where v1 and v2 are Poisson's ratio which for most 
metals one may assume vf = v i  = 0.1, El and E2 are 
the moduli of elasticity, W is the applied load, and r1 
and r2 are the radii of curvature of the spherical 
surfaces. 
Simplified Method of Reference 7 
The simplified metbod of Ref. 7 gave an approximate 
parametric relation for the coefficient of thermal con- 
tact conductance. It was derived for two rough, nom- 
inally flat, outgassed surfaces in contact in a high 
vacuum. The asperities on the surfaces were assumed 
to be undergoing plastic deformation. The analysis was 
based on the steady-state Fourier one-dimensional heat 
conduction law. It was applied to the so-called "buttontf 
model of contact (described later in this section). Also 
included was a derivation of a parametric relation be- 
tween the coefficient of thermal contact conductance and 
the contact pressure for the unloading of two surfaces. 
Fig. 3 (modified from ref. 7) is a view of the assumed 
contact interface showing a contact region labeled the 
effective zone of the thermal disturbance. The length 
of this zone (defined later in this paper) is assumed to 
be a function of the sum of the largest asperity heights 
from each of the surfaces. This length is used as the 
best measurable dimension approximating the physical 
length of the zone of the thermal disturbance. Because 
this length only approximates the actual length over 
which the thermal discontinuity at  the interface takes 
place, it is referred to as the effective zone of the 
thermal disturbance. 
The following assumptions apply to the theoretical 
model which is used to approximate a test specimen. 
(1) The specimen's contacting surface asperities are 
each replaced by the "button" model of contact. 
(2) Each button contact is thermally insulated from 
its neighbor. 
(3) The.number of button contacts is uniformly dis- 
tributed over the interface of contact. 
(4) The axial temperature distribution in each cyl- 
inder of a button contact is the same as  every other one. 
Thus, their circular areas of contact may be summed. 
The resulting single area of contact is shown in Fig. 4 
(modified from ref. 7) and is referred to as "the button 
contact. 
(5) The face of the button contact is in a state of 
(6) No thermal gradient exists in the radial direction 
(7) The axial temperature gradient is constant and 
plastic deformation with increasing load. 
of the cylindrical button contact. 
remains steady in time throughout the cylindrical volume 
of the button contact and the remainder of the model. 
(8) The length of the effective zone of the thermal 
disturbance is very small and is equal to the sum of the 
lengths of the button contacts of the upper and lower por- 
tions of the model. It is therefore assumed that only 
with+ the effective zone of the thermal disturbance does 
the thermal discontinuity at the interface exist and that 
the thermal gradient in this zone is constant and steady 
in time. 
(9) The interface of contact between the button con- 
tacts is assumed to be located at a point one-half the 
axial length of 6 (see fig. 5). This assumption is made 
though the lengths of the button contacts 61 and 62 
shown in Fig. 4 are not necessarily equal. This re- 
location does not introduce an error into the theoretical 
analysis because the length of 6 is assumed to be very 
small. Thus the change in the mean temperature of the 
interface of contact is negligible (see fig. 5). 
When these assumptions are applied to the model, 
the axial temperature distribution in the vicinity of the 
interface is as shown in Fig. 5. The basic steady-state 
one-dimensional Fourier heat conduction law written ibr 
the effective zone of the thermal disturbance 6 (figs. 4 
and 5) is given by 
dt = -k- 
Ac dx 
(5) 
where A, is the sum of the individual crossTsectiona1 
areas of the idealized individual "button" contacts, and 
k is the coefficient of thermal conductivity. This co- 
efficient is evaluated at a temperature equal to (ti, 1 + 
ti, 2)/2 (see fig. 5), and dt/dx is the axial temperature 
gradient across the tiisturbance zone 6. 
If Eq. (5) is applied to the effective zone of the 
thermal disturbance the heat-transfer rate per unit area 
at the interface of contact may be approximated by 
The coefficient of thermal contact conductance h is 
defined in the equation 
QE -hAt A 
where A is the cross-sectional area of the specimen. 
If the temperature gradients in the specimen outside the 
effective zone of the thermal disturbance are linearly 
extrapolated to the interface x = 0, as shown in Fig. 5, 
then At  at the interface is given by 
3 
Substititing Eq. (8) into Eq. (7) gives 
' = "(ti, - ti, 1) A (9) 
Equating the heat-transfer rate Q across the interface, 
Eqs. (6) and (9), yields 
Since 6 is very small, it is reasonable to assume that 
Eq. (10) thus reduces to 
From plastic theory for nominally flat surfaces in 
contact (ref. 8), 
%=E 
A I  
where P is the pressure acting over the apparent 
surface in contact A, and I is the average of the 
random microhardness values of the softer of the two 
interface surfaces. Substituting Eq. (13) into Eq. (12) 
results in the desired equation 
Unloading the Contacting Surfaces 
For the unloading of the contacting surfaces from a 
plastically deforming pressure at a constant mean inter- 
face temperature, Eq. (1) can be applied to the sum- 
mation of the individual contact areas. If a maximum 
load Wo is applied, the area of contact Ac, 
same magnitude for the elastic and plastic regime. 
Using Eqs. (1) and (12) at load Wo yields 
has the 
ho6 %I3 
k A  
-cc- 
or  in terms of the pressure Po 
In the elastic regime at a constant interface temper- 
ature assume 6 / k  is equal to a constant, (=. If now 
the interface is unloaded from Po to PI 
P y 3  
where A. = and Co = C1. Eq. (17) thus reduces to 
o r  substituting Eq. (14) into Eq. (18) yields 
(19) 
Thus Eq. (19) provides a method for calculating the 
coefficient of thermal contact conductance for any point 
below the upper limit of Po and h ~ .  This is true if the 
mean interface temperature of the contacting surfaces 
and heights of the plastically deformed asperities remain 
constant o r  very nearly constant during the unloading 
processes. It does not apply to flat surfaces o r  those 
surfaces which plastically deform under load to flat 
surfaces. 
Experimental Apparatus and Procedure 
Tungsten Specimen Test Apparatus 
The tungsten-tungsten specimen was tested in the 
facility shown in Fig. 6. The test was performed in a 
bell jar containing an induction heating coil and a col- 
umn composed of the test specimen, a OFHC copper 
heat meter, and water cooled heat sink as  shown in 
Fig. 6 .  A pneumatic loading cylinder was located on top 
of the bell jar and was used to vary the pressure at the 
contact interface of the test specimen. Electric cur- 
rents were induced in the extreme upper portion of the 
test specimen. The heat generated by these currents 
was transferred across the test interface, through the 
heat meter, and finally to the water cooled heat sink. 
The test specimen and heat meter were instrumented 
with thermocouples located as shown in Fig. 6.  The 
thermocouples were read out on a potentiometer. The 
bell jar operates in the torr pressure range. 
Heating coil. - Because an induction coil was used 
to heat the specimen some further discussion of its 
effect on the specimen is needed. Although the mag- 
netic field produced by the coil had a maximum value 
during the entire test of approximately 3. 08(10'5 tesla 
at the center of the coil's axis, the effect on the tungsten 
tungsten specimen was negligible since tungsten is non- 
ferrous and has a magnetic permeability of approxi- 
mately 1.000068 times that of free space. The effect of 
the induction coil's magnetic field on the thermocouples 
was also negligible. This was because the leads from 
each of the thermocouples were twisted for some dis- 
tance away from the zone of the coil and specimen and 
they had no loops in them. 
The use of the magnetic induction coil as  the heat 
source created the possibility of electric current flowing 
through a circuit composed of the test column and the 
bell jar. The flow of current through this circuit was 
prevented by isolating the heat sink and its water cooling 
lines from the base plate and instrument ring of the bell 
jar. 
Specimen. - The tungsten test specimen was metal- 
lurgically prepared from high purity pressed and sintered 
powder. The cylindrical specimen was 2.54 cm in 
diameter, its upper portion was 25.4  cm bng so that it 
passed completely through the induction coil, and its 
lower portion was 2.54 cm long. 
Surface finish. - The lay of the specimens interface 
- surfaces was produced by grinding. The average value 
of the maximum roughness height across the lay of the 
upper and lower surfaces was 5.35 and 5.51 pm, re- 
spectively. The definition of this length and its measure- 
ment is included later in this section. The arithmetic 
average roughness height of the upper and lower sur- 
faces was 0.538 and 0.943 pm, respectively. This 
length is defined in Ref. 9. The test was performed 
with the lay of the top and bottom surfaces approximately 
parallel. It was found that the maximum waviness height 
of the half wave length surfaces was less than the average 
value of their maximum roughness heights. This fact 
supports the assumption that the specimen's surfaces 
were nominally flat. 
Thermometry. - Type 30 gage, special error limits, 
chromel-alumel thermocouple wire twisted at its ends 
was selected. These thermocouples have an accuracy of 
i l .  1 K as guaranteed by the manufacturer in the tem- 
perature range of their use here. They were peened into 
holes 0.32 cm deep in the surface of the cylindrical 
specimens. A s  shown in Fig. 6,  six thermocouples were 
located on the upper and five on the lower portion of the 
. specimen. Also three sets of two approximately 180 
degrees apart were located on the OFHC copper heat 
meter. The data from the thermocouples located at 
0.32 cm on either side of the interface were  not included 
in the data reduction. This was done because they were 
believed affected by the thermal discontinuity at the 
interface. 
For a more detailed account of the tungsten specimen 
and the apparatus used to test it, see Ref. 7. 
Armco Iron Specimen Test Apparatus 
The Armco iron specimen was tested in the same 
facility as  that used to test the tungsten specimen with 
the following exceptions. The magnetic induction heat- 
ing coil was removed and replaced with a tungsten re- 
- sistance heated cylindrical heat source. The length of 
the upper portion of the Armco iron specimen was 
appropriately made shorter to allow for the heater to f i t  
into the test column above it. The OFHC heat meter was 
removed and replaced with an elongated lower portion of 
the Armco iron specimen which was especially instru- 
mented and calibrated to replace the heat meter. With 
these revisions and the addition of a supporting structure 
for the new heat source, the flow of heat through the 
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test column, across the contacting surfaces, and then to 
the water cooled heat sink remained the same as des- 
cribed for the tungsten specimen. 
Specimen. - The Armco iron cylindrical specimen 
was 2.54 cm in diameter. Its upper portion was 6.97 cm 
long and its lower portion was 12.7 cm long. 
Surface finish. - The specimen's contacting inter- 
face surfaces were produced by lapping and had no lay. 
Fig. 7 shows several typical traces of the Armco iron 
specimen's top surface of contact. The average values 
of the maximum roughness heights determined from 
profile traces of the upper and lower surfaces of contact 
were 0. 64X10-6 and 0. 97X10-6 my respectively; their 
arithmatic avera e roughness heights were 0. 0381X10-6 
m and 0 .102~10-~  m, respectively. Each surface was 
found to approximate a section of a spherical cap having 
a one-half wave length. The average crest to trough 
height was approximately 1. 52X10m6 m for the upper 
surface and 1. 015X10-6 m for the lower surface. Thus 
the surfaces can not be considered as  nominally flat, 
since their wave height is greater than the average valve 
of their maximum roughness height. 
Thermometry. - The same type of thermocouple 
wire was used to instrument the tungsten specimen as for 
this one, however, the wire was butt welded at its ends. 
These thermocouples were calibrated in the specimen 
after the test was completed and were found to be within 
the manufacturers tolerance of *l. 1 K for the range of 
temperatures encountered. The couples were peened 
into slots milled into the circumference of the specimen. 
The slots were approximately 0.076 cm long, 0.033 cm 
wide, and at their deepest point were approximately 
0.051 cm deep. The thermocouple's insulated lead 
wires were wrapped around the circumference of the 
specimen to minimize conduction errors in the thermo- 
couple wire. Four couples were located in the upper 
portionofthe specimenat1.27, 2.54, 3.81, and5.08cm 
from the interface of contact. Six couples were located 
in the specimen's lower portion at  1.27, 2.54, 3.81, 
6.35, 8.89, and 11.5-cm from the interface of contact. 
Experimental Determination of h 
Tungsten specimen test procedure. - The coefficient 
of thermal contact conductance of the tungsten - tungsten - 
specimen was experimentally determined by using 
Eq. (9) and the test apparatus described above. Heat 
was transferred from a murce, across the tungsten - 
tungsten interface of contact, and then to a heat sink 
(see fig. 6). The rate of heat transferred was deter- 
mined with the aid of an OFHC heat meter. The test 
specimen was designed m that a one-dimensional linear 
heat-transfer analysis would apply. Thus the hypothet- 
ical A t  of Eq. (7) was experimentally determined by a 
linear extrapolation of thermal gradients from the upper 
and lower portions of the specimen to the interface 
(see fig. 5). As pointed out in Ref. 7, at the time the 
experiment was performed several power interruptions 
occurred during the test. It was found, however, that 
the effects caused by these interruptions could be 
eliminated from the analysis without introducing an 
error. Thus the data presented here for analysis are 
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correct and usable. They show the cyclic variation of 
versus apparent contact pressure produced during the 
loading and unloading of two nominally flat tungsten 
surfaces in a high vacuum environment. For a more 
detailed explanation of the tungsten test procedure see 
Ref. 7. 
h 
The average time needed to establish steady-state 
conditions after a change was made in pressure was  
found in Ref. 7 to be approximately 2 2  hr. After a 
change in interface temperature was made steady-state 
conditions were established in a minimum time of 3 hr, 
with the maximum being 45 hr. These intervals of time 
were considered adequate based on previous experience. 
However, information obtained since then indicates ex- 
posure me of about 50 hr should be allowed after a 
change is made in test conditions. 
1 
The interface surfaces of contact were cleaned with 
acetone before installation in the test facility. 
Armco iron specimen test procedure. - The coef- 
ficient of thermal contact conductance of the Armco 
iron-Armco iron specimen was experimentally deter- 
mined by using Eq. (9). The rate of heat transferred 
across the interface of contact was determined by cal- 
ibrating the Armco iron test specimen with a 99.993 per- 
cent pure aluminum (by assay) heat meter. The contact 
conductance tests were performed by varying the inter- 
face contact pressure in a monotonic increasing then 
decreasing manner through two complete cycles from 
approximately 4 . 4 5 ~ 1 0 ~  to 3.45X1O6 N/m2 (64.5 to 
500 psi) while maintaining the mean interface temper- 
ature of the test specimen nearly constant. 
To gain an idea of the time required to establish 
equilibrium between changes in pressure and/or tem- 
perature the test specimen was exposed to steady-state 
test conditions for periods ranging from 50 to 180 hr 
between each point. Fig. 8 shows a typical variation 
with time of the conductance after a change from 8. OX105 
to 10. 7x105 N/m2 was made in the apparent contact 
pressure during the first loading cycle. It will be noted 
that the test facility required approximately 50 hr to 
reach a stable condition. 
Before placing the test specimen in the test column 
of the bell jar  it was cleaned with acetone and baked out 
in a separate vacuum,facility at 
eight 20 min heating and cooling cycles. Each cycle 
vaned from room temperature to approximately 450 K, 
well below the recrystallization temperature of Armco 
iron. 
torr, through 
Data reduction. - The experimental interface tem- 
perature difference At (eq. (7)) was determined by the 
linear extrapolation of the thermocouple data to the 
interface of contact for both of the specimens. A sim- 
plification in this procedure was made by determining 
the thermal gradient in each portion of a specimen from 
two thermocouple readings in the same manner as that 
used by Fried. (4) The gradients determined by this 
technique were continually checked by plots including 
all of the thermocouple data from each specimen. The 
error in the temperature difference across the interface 
introduced by this method was less than 1.1 K from a 
best line fit (drawn) through all the thermocouple data 
from each specimen. 
Measurements of Parameters For Theoretical Deter- 
mination of h 
The theoretical value of h was determined from 
values of 6 ,  k, and I together with Eq. (14). The 
quantities of 6 and I were evaluated from the test 
specimens. The variation with temperature of the 
tungsten's thermal conductivity k was estimated from 
the literature a s  noted in Ref. 7.  The variation of k 
with temperature for the Armco iron specimen was de- 
termined from calibration data obtained in the test 
facility under vacuum conditions from a 99.993 percent 
(by assay) pure aluminum heat meter. The results of 
this calibration indicate agreement with dafi from the 
literature(l0) within percent. 
Measurement of 6 .  - A Brush surfanalyzer was 
used to determine the magnitude of 6 for both speci- 
mens. It consists of a control unit, a stylus drive unit, 
a 50-mg stylus probe, and a recorder unit. This 
apparatus records the surface roughness (width and 
height), profile, waviness, and arithmetic average 
height. Al l  of these quantities are defined in Ref. 9. 
Durqg the approach of two rough, nominally fiat 
surfaces the maximum roughness height would make con- 
tact first. Therefore, it is appropriate to determine the 
average value of the maximum roughness heights S1 
(upper) and 62 (lower) of the test specimen before the 
test is begun. Since it is not possible to obtain surface 
analyzer traces which include all the points of contact 
on a surface, a representative number of profile traces 
must be taken. From each of these profile traces, a 
single value of the maximum roughness height is ob- 
tained. These values are then averaged to obtain the 
value of the roughness height used in the calculations. 
The value of 6 ,  where 6 = 61 + 62, is referred to as  the 
effective value of the thermal disturbance. The values 
of 61 and 62 determined for the tungsten specimen 
were obtained by averaging the maximum roughness 
heights obtained from six profile traces which were 
made at different positions on each face of the specimen 
perpendicular to its ground lay. The values determined 
for the Armco iron specimen were obtained by averaging 
the maximum roughness heights obtained from ten pro- 
file traces, five taken perpendicular to the other five, on 
each face of the specimen. 
Measurement of I. - A s  mentioned in Ref. 7 sev- 
eral authors have found that the microhardness of their 
specimens typically increases as  the indenter load de- 
creases. These increases have amounted to several 
multiples of the Meyers hardness values for these ma- 
terials. The tungsten-tungsten microhardness tests 
reported here also indicated an increase in surface 
microhardness as  the indenter load was decreased. The 
data were obtained with a Knoop indenter at mom tem- 
perature and are shown in Fig. 9. The increase in the 
surface microhardness is attributed to surface work 
hardening caused by the method of preparation. The 
- -. - _  
value of the microhardness, I, to be used in Eq. (14) 
for the tungsten specimen was taken from Fig. 9 in the 
light load range. These data are from the softer of the 
two contact surfaces. 
Discussion of Results 
The discussion is separated into first the presen- 
tation of the tungsten-tungsten specimen's results, and 
then those of the Armco Iron - Armco Iron specimen, 
because the test specimens are distinct and dissimilar. 
Tumsten Specimen 
Fig. 10 presents the Tungsten -Tungsten data from 
Ref. 7. During the loading portion of the cycle the data 
were obtained by loading the specimen's interface of 
contact from zero to 2. 65X106 N/m2 so that the surface 
asperities deformed plastically at  a constant interface 
temperature of 390 K (solid square symbols in fig. 10). 
The interface was then loaded to 5. 3Ox1O6 N/m2 while 
its temperature was kept constant. At 5. 3OX1O6 N/m2 
the interface temperature was raised in three incre- 
ments from 390 K to a high of 666 K (solid triangles). 
Finally the pressure was lowered in two steps to a low 
value of 4. 82X105 N/m2 (open symbols). At each step 
three changes in interface temperature were made. 
The dashed curve labeled plastic theory was de- 
termined by the method presented in Ref. 7 and was 
calculated from Eq. (19). A second dashed curve labeled 
elastic theory indicates the theoretical variation of the 
coefficient of thermal contact conductance with apparent 
contact pressure during the disengagement of two 
nominally flat surfaces. E the interface temperature is 
maintained at a constant value, the theoretical prediction 
of this variation is dependent only on the highest apparent 
contact pressure that the surfaces experience. Thus 
agreement is indicated if the data displays the same 
slope as  that of the theoretical variation. The symbols 
containing numbers in Fig. 10 indicate the sequence in 
which the data were obtained. They also separate the 
data into distinct groups which, a s  mentioned in Ref. 7, 
were bounded by power failures. Because of the likeli- 
hood that microscopic lateral asperity misalignment 
took place, due to large interface differential temper- 
ature effects, it is assumed that the data for each of 
these groups are independent of the others. The data 
represented by the solid symbols (plastic data)were ob- 
tained during the loading portion of the test while the 
open symbols indicate elastic data obtained during the 
unloading portion. The curves of Fig. 10 result by 
joining like temperature data in each of the subgroups. 
Separating the data in this manner has resulted in curves 
having slopes which agree well with plastic or elastic 
theory. The curve and points labeled as plastic theory 
show the effects of temperature. This effect appears in 
the theoretical representation of the coefficient of 
thermal contact conductance, Eq. (14), through the co- 
efficient of thermal conductivity, k, and the surface 
microhardness, I. The variation with temperature of k 
was obtained from the literature, while that of I was 
obtained by the new method described in Ref. 7.  The 
variation of I with temperature determined in this 
' 
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manner was verified by experimental data from the lit- 
erature. The experimental data (solid symbols) obtained 
during the first half of the test cycle, shown in Fig. 10 
and labeled = 390 K, are approximately 20 percent 
lower than predicted from plastic theory and calculated 
from Eq. (14). This agreement is considered good. 
Armco Iron Specimen 
Figs. l l (a)  to Il(d) present data for two loading and 
unloading cycles obtained from the Armco Iron-Armco 
Iron specimen. The solid reference curves labeled 
elastic and plastic variation are shown for comparison 
with the data. The functional relationships for these 
curves come from Eqs. (l), (2), and (12) and the Bowden 
and Tabor model. (3) The data shown in Fig. l l (a)  in- 
dicate that the specimen's interface surfaces of contact - 
did not plastically deform during the loading portion of 
the first cycle. Thus an elastic cyclic variation would 
be expected to manifest itself during the remainder of 
the test and, indeed, it has as  shown in Figs. 11@) to 
ll(d). The data were obtained by initially loading the5 
specimen's interface of contact from zero to 4.45XlO 
N/m at an interface temperature of approximately 
367 K. The interface was then loaded in steps to 
3.45X1O6 N/m2 while maintained at  a constant temper- 
ature, thus completing the loading portion of the first 
cycle. The specimen was then unloaded (fig. l lm)) ,  
reloaded (fig. ll(c)), and finally unloaded (fig. ll(d)) 
to complete two cycles, while the interface temperature 
was maintained at a constant value of approximately 
367 K. 
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In Fig. l l (a)  the dashed curve labeled theory of 
Clausing was determined by application of the method of 
Ref. 6 and was calculated from Eq. (3). The values of 
the constriction ratio, xc, were determined h m  Eq. (4) 
where the contacting surfaces' radii of curvature, rl 
and r2, were determined from surface analyzer traces 
of the specimen's waviness. Examples of these traces 
are shown in Fig. 7. The experimental data, showing 
the variation of h with apparent contact pressure in 
Fig. l l(a),  are appnjximately 40 percent greater than 
predicted by the theory of Clausing. This agreement 
is considered good. The lack o r  agreement is believed 
due to the difficulty of determining the specimen's radii 
of curvature from the surface analyzer traces. As 
noted in comparing Figs. l l @ )  to ll(d) the data display 
a distinct reversibility. 
Comparison of Experimental Results With the Bowden 
and Tabor Model 
Eqs. (3), (14), and (18) present the elastic o r  
plastic theoretical variation of the coefficient of ther- 
mal contact conductance with apparent contact pressure 
for the specific models considered in this paper. Thus 
the cyclic loading and unloading of two surfaces maybe 
characterized a s  deforming according to either the 
elastic o r  plastic laws of deformation. The Bowden 
and Tabor model of the contact mechanism(3) describes 
an ideal contact composed of two surfaces irregulari- 
ties which are similar to those making contact on real 
surfaces. The Bowden and Tabor model differs from 
a real surface in the number of contacting asperities. 
Thus a comparison of the sequence of events that take 
place during the cyclic contact of two real surfaces and 
those predicted by the Bowden and Tabor model can be 
helpful to an understanding of the contact phenomena. 
Fig. 10 shows that during the jnitial loading phase the 
conductance varies according to the plastic deformation 
theory of Ref. 7 as  calculated from Eq. (14). During 
the unloading portion of the cycle the data vary accord- 
ing to the elastic deformation theory as calculated from 
Eq. (18). Thus the tungsten specimen's data indicate 
good agreement with the Bowden and Tabor model. The 
data of Fig. l l (a)  for the Armco iron specimen shows 
that during the initial loading phase the conductance 
varies according to the elastic deformation theory of 
Refs. 5 and 6 as  calculated from Eq. (3). Figs. 11@) 
to l l ( d )  indicate reversibility which confirms the ex- 
istance of elastic deformation. Therefore, the Armco 
iron specimen's data also show good agreement with the 
Bowden and Tabor model since plastic deformation of 
the surfaces did not occur throughout the test. 
The data obtained from these two specimens not 
only confirms that the Bowden and Tabor model des- 
cribes-the contact phenomena, but they point up the 
necessity of varying test conditions in a specific manner 
so that the elasto-plastic history of events which occur 
during the engagement and disengagement of the surfaces 
may be observed. A lack of consideration of the dis- 
tinction between elastic and plastic deformation phe- 
nomena and the resulting improper scheduling of an ex- 
perimental test sequence has led to confusion in earlier 
experimental results. 
Hysteresis Effects 
Data presented in Ref. 4 were gathered during the 
initial loading, unloading and cyclic reloading of contact 
surfaces. These data show what experimenters fre- 
quently refers to as hysteresis effects. The data ob- 
tained here-in indicate that the so-called hysteresis 
effects may be caused by the unintentional use of non- 
steady-state data. Specifically, most experimentalists 
conduct their tests by attempting to establish steady- 
state conditions before they take their data. This is 
generally done by observing the emf output of the spec- 
imen's thermocouples at  random points in time. Once 
these outputs appear to be steady over a prescribed 
interval of time the data are taken; thus the data are 
assumed to represent a steady-state condition. The 
experimental data presented here are the result of 
recording data at a prescribed test condition for times 
longer by an order of magnitude than previously done by 
many investigators. From a plot of these data versus 
time, an example of which is shown in Fig. 8, a steady- 
state average value of the coefficient of thermal contact 
conductance was determined for each prescribed testing 
condition. The resulting data for the Armco iron-Armco 
iron specimen (figs. l l (a)  to ll(d)) indicate that no 
significant hysteresis effects took place. Rather small 
shifts in the data occurred which were caused by the 
inexact matching of test conditions from one point to 
the next. In addition, the tungsten-tungsten data 
(fig. 10) indicate that after loading the specimen from 
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2. 68(106 to 5. 31X106 N/m2 predictable offsets occurred 
at higher contact pressures and interface temperatures. 
Summary of Results 
A recently published simplified approximate theo- 
retical method for predicting the coefficient of thermal 
contact cond~ctance(~) has been applied to a tungsten- 
tungsten specimen. The specimen's interface of contact 
consisted of two rough, nominally flat, outgassed sur- 
faces in contact and under load in a high vacuum envir- 
onment. Good agreement was obtained between the 
the6ry and test data. The method of calculation does 
not require the use of a computer for the determination 
of any abstract quantities; it does, however, require 
the use of a surface analyzer and microhardness tester. 
The surface analyzer provides profile traces which are 
used only to confirm that the specimen's surfaces of 
contact are nominally flat and to determine the average 
value of their maximum roughness heights. Thus a 
major simplification has been made in the computation. 
Good agreement was obtained between the macro- 
scopic elastic deformation analysis of Clawing, @) and 
the thermal contact conductance test data versus ap- 
parent contact pressure obtained from two smooth rmn 
flat, outgassed Armco iron-Armco iron surfaces placed 
in contact and under load in a high vacuum environment. 
The specimen was run thrbugh two complete loading 
cycles and the test data showed reversible effects which 
were anticipated from theoretical considerations. Test 
data presented in this paper show that the coef€icient of 
thermal contact conductance of two distinct and dis- 
similar specimens, tungsten and Armco iron, versus 
apparent contact pressure in the lightly load range 
(4. %lo5 to 5. 7X106 N/m2) vary according to the se- 
quence of elastic and plastic deformation phenomena 
described by the Bowden and Tabor model of contact. 
The test data were obtained during the cyclic loading of 
the two specimens. These results point up the neces- 
sity of varying test conditions in a special way so that 
the elasto-plastic history of events which occur during 
the engagement and disengagement of the surfaces may 
be observed. 
A steady state testing procedure which exposes a 
specimen to long-time testing conditions has shown 
that the hysteresis effects, referred 
are probably caused by the use of non-steady-state test 
data and/or the inexact matching of test conditions 
from one point to the next during the performance of the 
test. 
in the literature, 
m b 0 1 s  
A total cross-sectional area of cylindrical model, o r  
apparent area of contact, m2 
Ac summation of individual areas of button contacts 
(results in total area of actual contact), m2 
& contact area of one asperity, m2 













A t  
radiusof specimen, m 
constant 
Young's modulus of elasticity, N/m2 
coefficient of thermal contact conductance, kW/ 
(m2)(K) 
microhardness, N/m2 
coefficient of thermal conductivity, W/(m)(K) 
length of specimen's upper o r  lower portion, m 
toel load applied to specimen divided by entire 
cross-sectional area (apparent contact pressure) 
N/m2 
2 apparent contact pressure of an asperity, N/m 
rate of heat transfer, W 
radius of curvature of the surfaces in contact, m 
temperature, K 
extrapolated temperature difference across the 
interface of contact, K 
Atc temperature difference across the effective zone 
of the thermal disturbance, K 
W applied load acting over the total surface of contact, 
N 
W' load applied to asperity in contact, N 
Wo upper value of loading in plastic range of softer 
metal (load acting over total nominally flat 
surface), N 
Wb upper value of asperity loading in plastic range of 
softer metal, N 
x length from interface of button contacts along axis 
of cylinder, m 
xc constriction ratio o r  square root of the area ratio 
of contact, a /b  
6 effective zone of the thermal disturbance o r  average 
of the maximum roughness heights of a surface, m 
u Poison's ratio 
Subscripts: 
c plane of button contact 
i interface 
0 condition of maximum loading 
1 , 2 stations o r  offset in area of contact 
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,- INTERFACE OF CONTACT, TS 
4 LASPERITY CONTACT ZONE; 
ALSO EFFECTIVE ZONE OF THE 
THERMAL DISTURBANCE 
Figure 3. - View of nominally flat contact interface showing the 
effective zone of the  thermal disturbance. T1> T14. 
t 
2b = 2.54 CM 7 
-X 
x = 0.- CONTACT PLANE 
Figure 4. - Sum of areas of contact are shown in form of one button 
contact and the effective zone of the thermal disturbance. 
U THERMOCOUPLE DATA 
-U- ASSUMED EXTRAPOLATION OF TEMPERATURE 
DATA TO x = 0 IN BOTH CYLINDERS 
------ ASSUMED TEMPERATURE VARIATION ACROSS THE 







.6 ~.."k EFFECTIVE ZONE OF THE 




k =  0 
- X  
1 x2 
Figure 5. - Temperature profile along specimen. 
I I---45.2 
8. 
/’- CITY COOLING INSULATORS 
“A 
TO HIGH VACUUM SYSTEM CD-10607-15 
Figure 6. - Internal view of bell jar. (All dimensions are in cm. 1 
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- HOLES (5) EVENLY SPACED 
(15.25CM DIAM) 
v- ;N~~MENT 
(A) ROUGHNESS ONLY (UPPER TRACE) AND WAVINESS ONLY (LOWER TRACE). 
(B) ROUGHNESS ONLY (UPPER TRACE) AND WAVINESS ONLY (LOWER TRACE). 
Figure 7. - Brush Surfanalyzer traces of the  Armco i ron  specimen's top 
surface of contact. The tracks of the  traces (a) and (b) are perpendicu- 
lar  to each other along diameters of the specimen's c i rcular area of 
contact. Shown are typical traces of the roughness only and waviness 
only. 
Figure 8. - Thermal contact conductance versus time for Armco 
I ron  - Armco I ron  specimen at an interface temperature of 
367 K and 1. O7x1O6 N/m2. 
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Figure 9. - Microhardness of interface surface of tungsten- 
tungsten specimen as function of indentor loadings at 
approximately 294 K. 
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(D) SECOND CYCLE DOWN. 
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Figure 11. - Thermal contact conductance versus pressure 
for Armco I ron  - Armco Iron. Interface temperature, 
tI 
1.3bpm. 62 = 0.97 pm; (crest to trough heightI2 = 
0.58 pm. 
= 367 K: 8 = 0.64pm; (crest to trough heightll = 
